We have cloned and sequenced a DNA fragment (V1 kb) containing a complete open reading frame from a cDNA library of Leishmania donovani promastigotes. The alignment of the derived polypeptide sequence and the modeling studies revealed that the protein is highly homologous to the mammalian cyclins having conserved cyclin box and substrate-docking motif. Northern blot analysis of the RNA isolated from synchronized L. donovani promastigotes showed periodic expression of the message with maximum abundance at S-phase suggesting its involvement in the events related to the regulation of DNA replication. The results confirm that we have isolated a cyclin molecule from L. donovani (LdCyc1) which may play an important role in the regulation of the parasite cell cycle.
Introduction
Leishmaniasis, caused by the protozoan parasite Leishmania, is a major health concern in tropics and subtropics a¡ecting millions of people in those regions. Leishmaniasis ranges from self-healing cutaneous lesions to a lethal visceral form, commonly known as kala-azar [1] . In nature, Leishmania parasites exist in two morphological forms. Flagellated and motile promastigotes are present in the midgut of vector sand£y, whereas ovoid and non-motile amastigotes are present in the phagolysosomal sac of the infected host macrophages [1, 2] . One distinct feature of the parasite is the presence of kinetoplast DNA in one single mitochondrion consisting of a huge network of more than 5000 minicircles (0.5^2.5 kb) and about 50 maxicircles (20^40 kb) [3^5] . Interestingly, the replication of kinetoplast DNA takes place during the S-phase almost simultaneously with that of nuclear DNA [4, 5] , which is a distinguishing feature of cell cycle regulation in the parasites along with the transformation to the alternating life cycle forms.
The cell cycle progression in eukaryotes is regulated through the phosphorylation of many proteins involved in the process by cyclin-dependent kinases (Cdks). The activities of Cdks are regulated mainly by complex formation with appropriate cyclin partners at speci¢c times in the cell cycle. In addition, phosphorylation/dephosphorylation of the Cdk proteins and interaction of cyclin^Cdk complexes with inhibitory proteins also modulate the kinase activity [6, 7] . This family of kinases was ¢rst identi¢ed in yeast as Cdc2 in Schizosaccharomyces pombe and CDC28 in Saccharomyces cerevisiae, and shown to be present over a wide range of organisms from Drosophila to human [6^8]. Thus, it appears that the basic cell cycle control mechanisms are similar from yeast to human, though there may be subtle variations in detailed molecular interactions.
Cdk-related kinases (CRKs) have also been identi¢ed in hemo£agellates like Leishmania, Crithidia and Trypanosoma [9^11], which are signi¢cantly homologous to other eukaryotic Cdks with the conservation of key sequence motifs. The CRKs have been found in all life cycle stages of Leishmania mexicana, but their activities were observed only in the dividing cells [12] , implying that the posttranslational modi¢cation similar to other eukaryotes regulates the activities. It is also expected that other protein factors including cyclins interact with CRKs to regulate their activities. Cyclins play important roles in cell cycle regulation in eukaryotes. In addition to activating the catalytic Cdk subunit, cyclin also interacts with substrates as well as inhibitors and presents them to the Cdk component in a cyclin^Cdk complex [13] . To date only a few cyclins have been identi¢ed in kinetoplastidae family. A cyclin-like molecule (CYC1) has been isolated from Trypanosoma brucei [14] and its regulated expression during di¡erentia-tion has been reported [15] . Hellemond et al. [16] have isolated CYC2 and CYC3 from T. brucei and shown the interaction of CYC2 with CRK3 from the same species. In another study, Trypanosoma cruzi CRK3 interacting cyclins have been identi¢ed by yeast two-hybrid assay [17] . Given the importance of cyclins as regulators of cell cycle progression and the relative paucity of information regarding these molecules from the kinetoplastidae family of organisms, we have decided to isolate and characterize cyclins from Leishmania donovani to understand the mechanism of the cell cycle regulation in the parasite in more detail. In this study, we describe the cloning and cell cycle stage speci¢c expression of a cyclin from L. donovani.
Materials and methods

Cloning of L. donovani cyclin
We designed primers from the available putative Leishmania major cyclin partial sequence (accession number AQ851415) and prepared probe by polymerase chain reaction (PCR) using those primers from L. donovani promastigotes genomic DNA preparation. The probe was used to screen a L. donovani promastigote cDNA library by plaque hybridization leading to the isolation of an 829 bp DNA fragment. The complete nucleotide sequence of the isolated DNA fragment was determined. The cloned DNA fragment contained a partial open reading frame (ORF) with missing 5P end. In order to obtain the complete 5P end we carried out reverse transcription (RT)-PCR using mRNA with 5P primer derived from L. donovani spliced leader sequence and the ORF speci¢c 3P primer. In this way we obtained a DNA fragment containing the complete ORF whose sequence had been submitted to GenBank (accession number AF531425).
Sequence alignment
The amino acid sequences of the ORF present in the isolated L. donovani cDNA and cyclins A, B, E and D1 from human were aligned using Clustal W (http://searchlauncher.bcm.tmc.edu/multialign/multi-align.html) followed by shading with GENEDOC (http://www.psc.edu/ biomed/genedoc/).
Modeling
The primary sequence of the ORF contained in the isolated cDNA was threaded onto the backbone of bovine cyclin A, whose crystal structure has been solved at 2 A î resolution [18] . The energy minimization of the model was performed using GROMACS [25] (http://www.gromacs.org) and XPLOR (A.T. Brunger, Yale University) and manual model building by Swiss PDB Viewer [24] and FRODO [26] on a Silicon Graphics Workstation. A few iterations of the above steps led to the ¢nal model, displayed by MOLSCRIPT [28] . The stereochemical geometry of the ¢nal model was validated by PROCHECK [27] .
Northern blot analysis
L. donovani (MHOM/IN/83/AG83) promastigotes, usually grown in medium 199 supplemented with 10% fetal bovine serum, were arrested by adding 10 mM hydroxyurea and released after about 15 h. Samples were collected at every hour after the release and the total RNAs were isolated using QuickPrep total RNA extraction kit (Amer- sham Biosciences). The Northern blot analysis was carried out following the standard procedure [29] .
Results and discussion
We have isolated a 1023 bp DNA fragment from L. donovani promastigote cDNA library and determined its complete nucleotide sequence (GenBank accession number AF531425). The cDNA contains a complete ORF corresponding to a protein of 309 amino acids having a calculated relative molecular mass of 35.2 kDa and an estimated theoretical pI of 6.11. The derived primary structure of the protein is highly homologous to the mammalian cyclins containing the conserved cyclin box involved in the interaction with Cdk protein (Fig. 1A) . The L. donovani protein shows maximum similarity with cyclin A (46%) followed by cyclin B (42%), cyclin E (35%) and cyclin D1 (33%) in the overlapping region. The homology between the molecules in the N-terminal region containing the cyclin box is signi¢cantly higher than the overall similarity. In the cyclin box region (Helix-I to Helix-V in Fig. 1) , similarity between the parasite protein and human cyclin A is 72%. This level of homology is highly signi¢cant considering the observed similarity of 35% overall and 67% over the cyclin box portion between S-phase cyclins from two distantly related species, Clb5 from S. cerevisiae and cyclin A from human. An MRKIL sequence motif, similar to the MRAIL motif in mammalian cyclins (Fig. 1A) responsible for substrate recruitment is also present on the N-terminal region of the protein.
Homologous motif is present in the cyclins from other species also. All these observations suggest that the L. donovani protein is an authentic cyclin molecule and hence we name this protein as L. donovani cyclin 1 (LdCyc1) since it is the ¢rst such molecule isolated from Leishmania.
The structure of bovine cyclin A solved by X-ray crystallography exhibits two compact lobes each containing ¢ve K-helices and the cyclin box including the substratetargeting motif is present on the N-terminal lobe [18] . We have constructed a three-dimensional model of LdCyc1 protein (Fig. 1B) using its bovine homolog as a template, which exhibits a similar two-lobed structure including the ¢ve K-helices of the conserved cyclin box in the N-terminal lobe (Fig. 1B) . The putative substrate-targeting MRKIL sequence of LdCyc1 located in the ¢rst helix of the N-terminal compact domain in the model structure is similar to MRAIL motif in mammalian cyclins. It has been shown that RRLFG-like cyclin binding (Cy) motif, ¢rst identi¢ed in cyclin^Cdk inhibitor p21 [19] and also present in the other inhibitors p27 and p57, interacts with the MRAIL sequence stretch in the cyclin molecule [20] . Subsequently, it has been observed that a similar motif is present also in substrates like Cdc6 [21] and retinoblastoma family of proteins [22] and the activator Cdc25A [13] . Since the primary sequence and the model structure of LdCyc1 are highly similar to that of mammalian cyclins including the presence of the homologous substrate-targeting motif, it is possible that the target molecules in Leishmania contain a Cy-like motif for interaction with the cyclin^CRK complex. This information will be helpful in identifying potential substrates and inhibitors of the complex in the parasite as an increasing number of ORFs are available in the database with the progress of Leishmania genome sequencing project.
To determine the expression pro¢le of LdCyc1 at di¡er-ent phases of cell cycle, we have carried out Northern blot analysis of the total RNA from L. donovani promastigotes collected at di¡erent time intervals from synchronized culture. As seen from Fig. 2 , LdCyc1 message (V1 kb) is expressed in periodic manner with maximum expression at 0 h and then again at 5 and 9 h. This pattern of expression is similar to that of replication protein-A (RPA) (Fig. 2) , which expresses di¡erentially with peak levels during G1/S transition as shown in Crithidia fasciculata [23] . Based on these results, we conclude that LdCyc1 is expressed in S-phase of L. donovani promastigote culture suggesting its involvement in the regulation of DNA replication in the parasite. In conclusion, we report the isolation of a cyclin molecule from L. donovani expressed during the Sphase of promastigote culture and highly similar to mammalian cyclins including the presence of characteristic cyclin box and substrate-targeting sequence. The identi¢ca-tion of its CRK partners, the substrates and regulators of the active complex will help in unravelling the unique molecular components of cell division in Leishmania.
